Abstract The effect of ion motion in capillary-guided laser-driven plasma wake is investigated through rebuilding a two-dimensional analytical model. It is shown that laser pulse with the same power can excite more intense wakefield in the capillary of a smaller radius. When laser intensity exceeds a critical value, the effect of ion motion reducing the wakefield rises, which becomes significant with a decrease of capillary radius. This phenomenon can be attributed to plasma ions in smaller capillary obtaining more energy from the plasma wake. The dependence of the difference value between maximal scalar potential of wake for two cases of ion rest and ion motion on the radius of the capillary is discussed.
Introduction
Laser-driven plasma wakefield is considered as the most promising candidate for low cost tabletop electron accelerator, and a great many studies have appeared on laser-induced plasma wakefield acceleration (LWFA) [1−7] . In recent years, for the purpose of improving the quality of electron beams, the plasma-filled capillaries have been applied to LWFA due to the distance of capillary guiding an intense laser pulse much larger than a Rayleigh length [8−11] . Experimentally, Leemans et al. obtained electron beams with energy up to 4.2 GeV, 6% rms energy spread, 6 pC charge and 0.3 mrad divergence through capillary guiding subpetawatt laser pulse in a self-trapping regime [12] . With the development of ultra-short pulse technology, the laser intensity increases steadily, and in future the laser intensity applied in electron acceleration will exceed 10 24 W/cm 2 . In such a high intensity regime, wake excitation involves the plasma response not only during laser action but also after laser action, thus plasma ion motion driven by laser-induced electrostatic field of charge separation needs to be considered as well.
The response of plasma ion in ultra-intense laserexcited unbounded plasma wake has been widely studied. The 1D analytical model including the motion of plasma ions shows the protons and heavy ions effectively accelerated along the laser axis direction in an ultra-intense laser-excited plasma wakefield [13] . The 3D PIC simulations have shown the ion bunch filament and acceleration in the blowout regime of laser-plasma accelerators [5] . Shen et al investigated protons acceleration in the mixture plasma of protons and heavy ions by a 1D analytical model and 3D PIC simulation [14] . The experimental investigations also discovered the pattern of ion regular modulation in an ultraintense laser-driven wakefield [15] . We have also built a 2D laser-driven unbounded plasma wake analytical model, which includes the response of plasma ions [16] , and it is shown that ion motion suppresses the excitation of electrostatic field and makes the electron acceleration less effective.
In the present paper, we further consider the effect of ion motion in capillary-guided laser-driven plasma wake through rebuilding the 2D model. When a Gaussian laser pulse incidents into a plasma-filled capillary, the laser pulse is reshaped by the capillary wall and the most of the light energy focuses on the center of the pulse; a Bessel function can describe the radial distribution of the pulse in capillary [11] . In view of this, in our model the Bessel function is used to express the radial distribution of laser pulse instead of the Gaussian profile. The results show that the effect of ion motion in a capillary of a smaller radius becomes more significant when laser intensity exceeds a critical value.
Governing equations
When a Gaussian laser pulse incidents into a capillary of radius r, it is reshaped by the capillary wall, and the laser vector potential propagating in the capillary tube is assumed as follows where J 0 is the zero order Bessel function, r 0 the first zero of J 0 (thus that J 0 (r 0 ρ/r) = 0 at ρ = r), η = z − t is the axial coordinate which means a moving coordinate system, ρ = x 2 + y 2 the radial coordinates, L pulse width, here time normalized by ω −1 0 and space coordinates by k −1 0 , ω 0 and k 0 are the laser frequency and wave number. For the purpose of studying capillary plasma wake involving ion motion, we add the equations for ion motion to the governing equations group [16] 
where φ 0 = eΦ/m e c 2 and a 1 = eA/m e c 2 are the normalized scalar potential and vector potential; u e0 and u i0 are the slowly varying (compared with laser frequency) draft velocity of electron and ion normalized by c, u e1 and u i1 are the electron and ion quiver velocity at laser frequency normalized by c, γ e and γ i are the relativistic factors of the electron and ion normalized by m e c 2 , the subscripts e and i denote plasma electrons and ions; µ = Zm e /m i , m e and m i are the electron and ion mass, and Z is the ion charge. Considering electron motion mainly in the direction of laser propagation, i.e. u iz >> u iρ , then we obtain from Eqs. (2)- (4),
where Zn 0 is the background plasma density, a
0 (r 0 ρ/r). We assume the scalar potential has a radial Besselfunction profile
Since
3 Analytical results
Eqs. (5)- (9) can be solved for studying capillaryguided laser plasma wake which includes plasma ion motion. When a Gaussian laser pulse incidents into a capillary from a vacuum, its lateral wings are removed by the capillary wall, therefore, inside the capillary tube the radial profile of the laser pulse is shown in a Bessel function profile instead of a Gaussian profile. Fig. 1 shows the radial distributions of laser intensity in the capillary and the vacuum at the same peak laser intensity. When Bessel laser pulse propagates in a uniform plasma-filled capillary, a chain of electron bubbles are excited behind the laser pulse, and in the resonant condition the electrostatic field in the bubble reaches maximum. However, here the resonant condition includes not only the laser pulse and plasma parameters but also the radius of the capillary. Fig. 2 shows the maximal scalar potentials in the plasma wake as functions of the capillary radius for laser power W = 3.4 × 10 , with n i = 10 −2 , L = 10λ and µ = 1/1836. One can see that peak scalar potentials increase with a decrease of capillary radius, especially in the case of ρ < 60λ, this phenomenon becomes very obvious. This is due to a laser pulse with the same power focusing better in a capillary of a smaller radius which can excite a stronger plasma wakefield. Fig.1 The radial distributions of laser intensity in capillary (red dash-line) and vacuum (blue solid line) with the same peak laser intensity If the laser pulse is intense enough, the laser-excited intense wakefield will drive the plasma ion motion, which conversely reduces the wakefield. Fig. 3(a) and  3(b) show the maximal scalar potential (φ 0 ) max as functions of laser strength a 0 in two cases of ion rest and ion motion for ρ = 120λ and ρ = 50λ respectively, where the background plasma density is n i = 10 −2 , and laser pulse width L = 10λ. One can see that the maximal scalar potential for µ = 0 is still more than that for µ = 1/1836 when the laser intensity exceeds a critical value, and the difference value ∆φ 0 increases with increasing of laser intensity. In addition, both critical values of laser intensity and the difference values ∆φ 0 are different for a capillary of different radius. In Fig. 3 the critical value is a 0 = 40 at ρ = 120λ while a 0 = 50 at ρ = 50λ, and the difference value ∆φ 0 is about 50 at ρ = 50λ while 20 at ρ = 120λ for a 0 = 80. Fig.3 The dependence of maximum scalar potential (φ0)max on laser intensity a0 for (a) ρ = 120λ and (b) ρ = 50λ, where ni = 10 −2 and L = 10λ Fig. 4 shows the dependence of the difference value between maximal scalar potential ∆φ 0 for two cases of µ = 0 and µ = 1/1836 on the radius of the capillary with a 0 = 80, n i = 10 −2 and L = 10λ. It is shown that the difference value ∆φ 0 decreases with increasing of radius of capillary, and it reaches a stable value at ρ > 140λ which is almost no different to that in unbounded plasma. This phenomenon indicates the effect of ion motion is more obvious in a capillary of smaller radius. This may be due to plasma ions in the smaller capillary obtaining more energy from the wakefield that suppresses the excitation of the plasma wakefield. Fig. 5(a) and (b) show the 2D distributions of ion energy density n i (γ i −1)/µ normalized by n e m e c 2 in the leading bubble in two cases of ρ = 50λ and ρ = 120λ with the same normalized laser energy W = 1.63×10 11 , Zn i = 10 −2 and L = 10λ. One can see that obvious ion density peaks appear in the wake instead of a uniform ion density background, and the peak ion energy density is about 0.01 at ρ = 120λ while it is up to 0.12 at ρ = 50λ, which indicates the plasma ions in a capillary of smaller radius gain more energy from the wakefield. 
Conclusions
The characteristic of capillary-guided ultra-intense laser-excited plasma wake is investigated by taking into account the plasma ion motion in the basis of a 2D wake analytical model. It is found that the radius of the capillary is also an important factor for excitation of a wakefield besides the laser and plasma parameters. More intense plasma wake can be excited in a smaller capillary, which is attributed to better focusing of the laser pulse. When laser intensity exceeds a critical value, the effect of ion motion reducing the wakefield begins to rise, and the phenomenon becomes significant with a decrease of radius of the capillary. For example, the difference value between peak scalar potentials for ion rest and ion motion in a capillary of ρ = 50λ is almost three times of that in an unbound plasma in Fig. 4 . It can be understood that more wakefield energy is spent in ion acceleration in a smaller capillary. These results may be useful for capillary-guided laser plasma wake acceleration theoretically and experimentally.
